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Neuregulin-1 beta | is implicated in
pathogenesis of multiple sclerosis

Hardeep Kataria,' Christopher G. Hart,' Arsalan Alizadeh,' Michael Cossoy,2
Deepak K. Kaushik,® ®Charles N. Bernstein,? Ruth Ann Marrie,>* V. Wee Yong3 and

Soheila Karimi-Abdolrezaee'"®

See Kilpatrick and Binder (doi:10.1093/brain/awaa434) for a scientific commentary on this article.

Multiple sclerosis is characterized by immune mediated neurodegeneration that results in progressive, life-long neurological and cognitive
impairments. Yet, the endogenous mechanisms underlying multiple sclerosis pathophysiology are not fully understood. Here, we provide
compelling evidence that associates dysregulation of neuregulin-1 beta 1 (Nrg-181) with multiple sclerosis pathogenesis and progression. In
the experimental autoimmune encephalomyelitis model of multiple sclerosis, we demonstrate that Nrg-1p1 levels are abated within spinal
cord lesions and peripherally in the plasma and spleen during presymptomatic, onset and progressive course of the disease. We demon-
strate that plasma levels of Nrg-1B1 are also significantly reduced in individuals with early multiple sclerosis and is positively associated
with progression to relapsing-remitting multiple sclerosis. The functional impact of Nrg-1p1 downregulation preceded disease onset and
progression, and its systemic restoration was sufficient to delay experimental autoimmune encephalomyelitis symptoms and alleviate dis-
ease burden. Intriguingly, Nrg-1B1 therapy exhibited a desirable and extended therapeutic time window of efficacy when administered
prophylactically, symptomatically, acutely or chronically. Using in vivo and in vitro assessments, we identified that Nrg-1p1 treatment
mediates its beneficial effects in EAE by providing a more balanced immune response. Mechanistically, Nrg-1B1 moderated monocyte infil-
tration at the blood-CNS interface by attenuating chondroitin sulphate proteoglycans and MMP9. Moreover, Nrg-1B1 fostered a regula-
tory and reparative phenotype in macrophages, T helper type 1 (Th1) cells and microglia in the spinal cord lesions of EAE mice. Taken to-
gether, our new findings in multiple sclerosis and experimental autoimmune encephalomyelitis have uncovered a novel regulatory role for
Nrg-1B1 early in the disease course and suggest its potential as a specific therapeutic target to ameliorate disease progression and severity.
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Introduction

Multiple sclerosis is a complex chronic immune-mediated
condition of the CNS that manifests as demyelination with
concomitant axonal and neuronal degeneration resulting in
neurological impairment (Reich et al., 2018; Faissner et al.,
2019). Approximately 85% of multiple sclerosis patients
present with a relapsing-remitting course of the disease
(RRMS), and most of these individuals advance to second-
ary progressive multiple sclerosis (SPMS) within 15-20 years
of disease manifestation (Weinshenker et al., 1989).
Moreover, in multiple sclerosis disease course, clinically iso-
lated syndrome (CIS) describes an individual who presents
with a first episode of neurologic dysfunction characterized
by demyelination or inflammation in the CNS consistent
with an multiple sclerosis relapse (Miller et al., 2012). When
accompanied by brain lesions suggestive of multiple sclerosis
on MRI, CIS indicates a high probability of a subsequent
diagnosis of multiple sclerosis (Kuhle ez al., 2015). Current
clinical assessment of multiple sclerosis lacks sensitivity for
early diagnosis and prediction of disease progression because
it most commonly relies on MRI to detect demyelinating pla-
ques in the CNS in conjunction with clinical presentation.
This limitation mainly reflects critical knowledge gaps in our
understanding of the cellular and molecular mechanisms
underpinning multiple sclerosis pathogenesis and progres-
sion. Uncovering these endogenous mechanisms would allow
identification of disease markers for early diagnosis and
treatment of progressive multiple sclerosis.

Multiple sclerosis pathogenesis is driven by activation, ex-
pansion and infiltration of leucocytes into the CNS tissue.
Accumulation of these leucocytes in perivascular cuffs at the
blood—CNS interface, and their cellular interactions with resi-
dent glia within the CNS orchestrate a neuroinflammatory re-
sponse that leads to immune-mediated demyelination
(Agrawal et al., 2011; Dong and Yong, 2019). Intriguingly,
while innate and adaptive immune cells promote a pro-
inflammatory milieu causing neurodegeneration in multiple
sclerosis, they also play a pivotal role in the resolution of im-
mune-mediated attack and facilitate tissue repair (Rawji and
Yong, 2013; Baaklini et al., 2019; Yong et al., 2019). This di-
verse role of activated leucocytes and microglia reflects their
heterogeneity across a spectrum of pro-inflammatory to rep-
arative phenotype. Accumulating evidence suggests that the
net inflammatory balance of immune response is largely
determined by the microenvironment (Baaklini et al., 2019).
Thus, it is critical to unravel endogenous mechanisms that
regulate the phenotype of immune response during the onset,
progression and reparative stages of multiple sclerosis.

Identifying regulatory mechanisms implicated in early stage of
multiple sclerosis pathogenesis would aid in early diagnosis,
disease prevention and personalized therapeutic approaches.

Neuregulin-1 (NRG1) is a signalling protein that plays im-
portant roles in development and physiology of the periph-
eral and central nervous systems (Kataria et al, 2019).
NRG1 is conventionally known for its critical role in oligo-
dendrocyte development and myelination. However, in re-
cent years, NRG1 has emerged as a new immune modulator
in traumatic and ischaemic CNS injuries (Xu et al., 2006; Li
et al., 2009, 2015; Alizadeh et al., 2017, 2018; Kataria
et al., 2018; Shahriary et al., 2019). Neuregulin-1 beta 1
(Nrg-1B1) is a major NRG1 isoform in the CNS that con-
tains the epidermal growth factor (EGF) like domain; the
functional domain of all NRG1 isoforms (Mei and Xiong,
2008; Mei and Nave, 2014). In traumatic spinal cord injury
and lysolecithin-induced focal demyelinating lesions of the
spinal cord, we have recently shown that Nrg-1p1 is dysre-
gulated in these lesions, and its availability promotes oligo-
dendrogenesis and remyelination (Gauthier et al., 2013;
Kataria et al., 2018). Moreover, we and others have shown
that Nrg-1B1 attenuates astrocyte reactivity and the pro-in-
flammatory response of microglia in CNS injuries by block-
ing TLR/Myd88/NF-kB axis (Simmons et al, 2016;
Alizadeh et al., 2017, 2018).

Efforts have also been made to identify the importance of
NRG1 in multiple sclerosis. Earlier studies showed loss of
NRG1
(Viehover et al., 2001), decreased expression in lysolecithin
induced focal demyelinating lesions (Kataria et al., 2018),
reduced expression of one of its binding receptor ERBB4 in
human blood mononuclear cells in RRMS patient samples
(Tynyakov-Samra et al., 2011), and an association of pro-
moter polymorphisms in NRG1 gene with SPMS and PPMS
patients (Bahadori et al., 2015). Moreover, administration
of the NRG1 isoform glial growth factor 2 (GGF2) pro-
moted remyelination in a chronic relapsing mouse model of
EAE (Cannella et al., 1998). Taken together, although early
work studied NRG1 in multiple sclerosis, there exists a sig-
nificant gap in our knowledge about its expression profile
within the CNS and peripherally during the course of the
disease, and its impact on pathogenesis, progression and re-
covery in autoimmune-mediated demyelination.

In this study, using the multiple sclerosis mouse model of
experimental autoimmune encephalomyelitis (EAE) and mul-
tiple sclerosis patient samples, we report for the first time
that Nrg-1B1 protein expression was dysregulated in early
phase of multiple sclerosis pathogenesis. In EAE mice, Nrg-
1B1 was significantly reduced in the plasma and spleen early
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at presymptomatic phase that also persisted during onset
and progression of the disease. In relevance to multiple scler-
osis, we also demonstrate that plasma levels of Nrg-1B1
were significantly reduced in CIS patients as compared to
normal individuals. In the CNS, Nrg-1B1 expression was
also severely depleted in active demyelinating lesions of mul-
tiple sclerosis and EAE. We also investigated the functional
relevance of Nrg-1p1 dysregulation to EAE progression and
found that restoring the deficient levels of Nrg-1B1 through
systemic administration delayed disease symptoms and ame-
liorated neurological severity in EAE mice. Our extensive
therapeutic studies indicate that Nrg-181 therapy offers an
extended therapeutic time window, as it was effective when
administrated prophylactically, symptomatically, acutely or
chronically in EAE mice. Our immunohistological, cytomet-
ric, cytokine profiling and proteomics studies in EAE deter-
mined that availability of Nrg-1B1 promotes a
comprehensive immune regulatory response by modulating
the phenotype of microglia and myeloid cells and regulating
several key mediators of EAE immunopathogenesis and neu-
rodegeneration. Taken together, our new findings implicate
Nrg-1B1 in early phase of multiple sclerosis pathogenesis
and its importance in disease progression. Intriguingly, our
preclinical studies also indicate the promise of Nrg-1B1 as a
potential treatment strategy for multiple sclerosis.

Materials and methods

Study design

To evaluate the potential role of Nrg-1p1 in multiple sclerosis
disease pathogenesis, we assessed protein levels of Nrg-181 in
plasma, spleen and spinal cords of the EAE mouse model. These
observations were corroborated with post-mortem multiple
sclerosis brain tissue and plasma of cohort of multiple sclerosis
patients. Further, we evaluated the therapeutic potential of re-
combinant human Nrg-1B1 (rhNrg-1p1) in the EAE mouse
model. We used various therapeutic time window including
treatment administration at the peak, onset, prophylactically
and post-peak. Of note, a clinical grade of rhNrg-1B1 has
received approval from Food and drug Administration (FDA)
for phase II and III clinical trials for chronic heart failure,
indicating  its  safety  (https:/clinicaltrials.gov/ct2/show/
NCT03388593). To elucidate the underlying mechanisms, cyto-
kine profiling, flow cytometry and proteomics were performed.
Animals were randomly allocated to treatment groups.
Observers were blinded to experimental groups during clinical
score assessments. All the experimental procedures and assess-
ments were performed in blinded manner. No animals or sam-
ples in any of the experiments were excluded from data
analyses, unless specified otherwise.

Animal studies

All animal procedures and experimental protocols were
approved by the Animal Ethics Care Committee of the
University of Manitoba in accordance with the policies estab-
lished in the guide for the care and use of experimental animals
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prepared by the Canadian Council of Animal Care. Mice were
housed with a 12-h light/dark cycle in standard plastic cages at
22°C. Drinking water and pelleted food were given ad libitum.
For in vivo EAE studies, 266 C57BL/6 female mice (8 weeks
old, Supplementary Table 1) and for in vitro experiments, 10
C57BL/6 female mice (10 weeks old) and 25 C57BL/6 female
pups (1-3 days old) were used. All animals were provided by
Central Animal Facility, University of Manitoba, Canada.

EAE induction and treatments

C57BL/6 female mice (8 weeks old) were provided by the
Central Animal Facility of University of Manitoba, Canada.
Mice were immunized with myelin oligodendrocyte glycoprotein
(MOG)35-55 as described in the Supplementary material. EAE
mice were randomly assigned to experimental groups: vehicle
and Nrg-1B1. Animals in Nrg-1B1 group received daily subcuta-
neous injections of rhNrg-1B1 peptide (~8 kDa) containing the
bioactive epidermal growth factor (EGF)-like domain
(Shenandoah Biotechnology) at indicated doses. Vehicle animals
received equivalent volume of 0.1% bovine serum albumin
(BSA) in saline. Treatments were administered daily under dif-
ferent paradigms: at the time of EAE induction (prophylactical-
ly), at the onset of EAE symptoms (clinical score of 0.5), at the
peak of the disease (clinical score of 2.5-3) or in delayed fashion
at 4 days after reaching the peak. EAE mice in transient thera-
peutic paradigm received treatments for 7 days starting at the
peak of the disease.

Histology and immunofluorescence staining

At identified end points, deeply anaesthetized mice (isoflurane/
propylene glycol; 40:60 v/v) were perfused with cold 0.1 M of
phosphate-buffered saline (PBS) and 3.5% paraformaldehyde
(PFA) for immunohistochemical analyses. The method is
described in detail in the Supplementary material. A list of the
antibodies used in this study is provided in Supplementary

Table 2.

Detection of reactive oxygen species

Reactive oxygen species production was detected in EAE mice
at end point with intraperitoneal injection of dihydroethidium
(DHE, 10 mg/kg) (Molecular Probes, Invitrogen) as described
previously (Choi et al., 2015). The DHE is oxidized by reactive
species within the cell, providing an index of the production of
reactive species. Mice were euthanized 3 h after DHE injection
and transcardially perfused as described above. Oxidized DHE
signals were imaged after co-labelling with DAPI and immuno-
fluorescence intensity was measured by Image] (NCBI) and
expressed as fold change in mean grey value normalized to
naive mice.

Cell preparation and flow cytometry

Single-cell suspensions of peripheral blood and spinal cord were
prepared and immunolabelled according to standard methods as
described in the Supplementary material. Antibodies used for
flow cytometry are provided in Supplementary Table 3.

Immunoblotting for CSPGs and lipid peroxidation

Mouse lumbar spinal cord tissue was homogenized in NP-40
lysis buffer containing protease inhibitor cocktail (Sigma). Slot
blotting (as described in the Supplementary material) was per-
formed to detect the expression of chondroitin sulphate
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proteoglycans (CSPGs) and oxidized lipids with antibody
against GAG portion of native CSPGs (clone CS-56, Sigma) and
oxidized phospholipids (E06, Avanti, Millipore Sigma),
respectively.

Gelatin gel zymography for MMP enzymatic
assessment

Gelatin gel zymography was performed to assess enzymatic ac-
tivity of MMP2 and MMP9 in the EAE spinal cord tissue, as
described previously (Alizadeh et al., 2017). The procedure is
summarized in the Supplementary material.

Multiplex electrochemiluminescence cytokine assay
Levels of cytokines and chemokines in the spinal cord tissue of
EAE mice were measured using the V-PLEX Mouse Cytokine
29-Plex Kit (Meso Scale Discovery) according to the manufac-
turer’s instructions as described in the Supplementary material.

Enzyme linked immunosorbent assay for Nrg-1§1
detection

Mouse spinal cord tissue was homogenized in NP-40 lysis buffer
containing protease inhibitor cocktail (Sigma). Mouse blood
was collected with cardiac puncture in EDTA coated tubes.
Samples were centrifuged at 2500 rpm for 25 min (4°C). Blood
plasma was collected and stored as aliquots at —80°C until ana-
lysis. ELISA kit (DuoSet ELISA Development System; R&D
Systems; DY377) was used to specifically detect Nrg-1B1 in
blood plasma, spinal cord and spleen tissue lysates. Nrg-151
sandwich ELISA assay was performed according to the manu-
facturer’s instructions, with standards (125-4000 pg/ml) and
loading 25 pg of protein from each sample from spinal cord
and spleen lysates. The Nrg-1B1 levels were calculated as pico-
grams per microgram of tissue. For blood plasma analysis, dir-
ect ELISA was performed in the same manner, with the
exception of omitting the first coating antibody. Fifty microlitres
of plasma samples were used for assay and results were
expressed as picograms per microgram of plasma.

Astrocytes, microglia and bone marrow derived
macrophage in vitro studies

Astrocytes, microglia and bone marrow derived macrophage
(BMDM) cultures were prepared as described in the
Supplementary material. All three cells types were switched to
serum free Dulbecco’s modified Eagle media after 24 h of seed-
ing and treated with vehicle (0.1% BSA), Nrg-1p1 (50 or 200
ng/ml), lipopolysaccharide (LPS) (100 ng/ml) + IFNy (20 ng/ml)
or Nrg-1B1 + LPS + IFNy for 72 h. Conditioned media was col-
lected and stored at —80°C until further use.

T helper | and T helper 17 polarization in vitro

Naive CD4 + T cells were purified from the spleens and lymph
nodes of 10-week-old female C57BL/6 mice using an
EasySep™ Mouse Naive CD4+ T Cell Kit (19765, Stemcell
Technologies) Isolated Naive CD4* T cells were cultured and
polarized to T helper (Th)1 or Th17 conditions as described in
the Supplementary material.
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Proteomics procedures and analyses

LC-MS/MS sample preparation and analysis

Spinal cord lysates were digested, labelled and analysed by
Manitoba Centre for Proteomics and Systems Biology
(University of Manitoba) as per their standard procedures.
Protein digests were performed as specified in the manufac-
turer’s instructions for the Thermo Scientific’s TMT10plex
Isobaric Mass Tagging Kit (Cat. #90110). TMT labelling was
performed according to the manufacturer’s instructions to label
each biological replicate with a unique tag.

Database for annotation, visualization, and
integrated discovery analysis

The database for annotation, visualization, and integrated dis-
covery (DAVID) (https://david.ncifcrf.gov/) v6.8 is a comprehen-
sive tool to perform functional annotation and understand
biological meaning behind large list of genes associated with
proteins. We performed a gene ontology (GO) term enrichment
analysis using DAVID and identified enriched biological themes
and most relevant GO terms associated with our study. Only
GO terms with an adjusted P-value < 0.05 were considered
significant.

ClueGO analysis

ClueGO plug-in of Cytoscape (http://www.cytoscape.org/) was
used to generate protein pathways and to constitute the network
of pathways based on the Gene Ontology. ClueGO enables to
visualize the non-redundant biological terms for large clusters of
genes in a functionally grouped network (Bindea et al., 2009).
The parameters used for ClueGO analysis are described in the
Supplementary material.

Human brain multiple sclerosis
specimens

Frozen post-mortem brain tissues were obtained from the
United Kingdom Multiple Sclerosis Tissue Bank at Imperial
College, London (www.ukmstissuebank.imperial.ac.uk; pro-
vided by Richard Reynolds and Djordje Gveric). All multiple
sclerosis tissues were obtained and used with approval from the
institutional ethics committee of the University of Calgary. Six
multiple sclerosis brain tissues with active lesions from individu-
als with chronic multiple sclerosis were assessed in this study.
The lesions fulfilled the morphological criteria of an active in-
flammatory demyelinating process consistent with multiple scler-
osis when stained with haematoxylin and eosin-Luxol fast blue.
The details of patient samples are provided in Supplementary
Table 4. Human tissue sections were fixed with 3.5% PFA be-
fore immunohistochemical staining as described in the
Supplementary material.

Human plasma samples

Patients with multiple sclerosis and normal participants were
recruited at the Winnipeg Health Sciences Center, Winnipeg,
Canada. All patients were diagnosed with multiple sclerosis
according to the 2010 revised McDonald criteria. Based on the
clinical diagnosis, plasma samples were categorized into differ-
ent types/stages of multiple sclerosis: CIS, RRMS and SPMS.
Demographic and clinical characteristics of patients with mul-
tiple sclerosis and normal controls are described in
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Supplementary Table 5. Healthy individuals served as controls.
The study was approved by the Health Research Ethics Board
of the University of Manitoba. All participants gave written
informed consent. Human blood was collected in sodium hep-
arin tubes by standard venepuncture procedure. For blood
plasma analysis, direct ELISA was performed in the same man-
ner as described above for mouse plasma samples. All the strati-
fications undertaken with human plasma samples are
representative of post hoc analyses as these samples were repur-
posed from another unrelated clinical research project.

Statistical analysis

In all analyses, we performed unbiased assessments by utilizing ran-
domization and blinding of methods. Using SigmaStat Software,
Mann-Whitney U-test was used for human plasma data analysis.
One-way ANOVA followed by Holm-Sidak post hoc correction
was used when comparing more than two groups. Two-way
ANOVA was used for analysis of neurological scoring in EAE stud-
ies while Holm-Sidak post hoc analyses was used when comparing
mean of each time point. Mann-Whitney test was used while analy-
sing EAE-based non-parametric data. Student’s #-test was used
when two groups were compared in EAE data. Specific statistical
tests used for data analysis are described in respective figure
legends. The data are reported as means + standard error of the
mean (SEM) unless specified otherwise and P < 0.05 was consid-
ered statistically significant in all the analyses.

Data availability

The data that support the findings of the study are available
from the corresponding author upon reasonable request.

Results

Dysregulated levels of Nrg-1{1
protein is detected in EAE mice
and precedes disease onset

We conducted an in-depth investigation on Nrg-1B1 protein
expression pattern in the spinal cord and peripherally in
plasma and spleen of MOG35-55 induced EAE mice.
Immunohistological characterization of spinal cord lesions in
EAE mice confirmed that Nrg-1B1 expression was signifi-
cantly diminished within EAE demyelinating lesions
(Fig. 1A-C). Nrg-1p1 immunofluorescence intensity meas-
urement within the EAE lesions showed 48% reduction in
Nrg-1B1 levels as compared to normal-appearing white mat-
ter and naive spinal cord tissue sections (Fig. 1C). These
findings provide the first evidence that dysregulation of Nrg-
1B1 protein is a characteristic of EAE lesions of the spinal
cord. Since NRG1 is primarily expressed by neurons/axons
and oligodendrocytes, and to a lesser extent by astrocytes
(Tokita et al., 2001; Gauthier et al., 2013; Kataria et al.,
2019), we asked whether decline in Nrg-1p1 within EAE
lesions of white matter is attributed to loss of these cell types
as the result of EAE. Our quantitative immunohistological
assessment revealed 75% and 63% reduction in axonal and
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oligodendrocyte cell density, respectively, in EAE lesions as
compared to naive tissue and adjacent normal-appearing
white matter area in the same EAE mouse (Supplementary
Fig. 1A, B, D and E). On the contrary, immunofluorescence
intensity measurement for astrocyte marker GFAP was sig-
nificantly increased (60%) within the EAE lesions compared
to naive tissue and adjacent normal-appearing white matter
area in the same EAE mouse (Supplementary Fig. 1C and F).
Thus, these data suggest a positive correlation between
diminished levels of Nrg-1B1 and reduced axonal and oligo-
dendrocyte cell densities within the EAE lesions.

We also conducted a time point ELISA analysis for Nrg-
1B1 protein levels in the spinal cord of EAE mice and found
a significant downregulation (22%) at the presymptomatic
phase [7 days post induction (dpi)], as compared to the base-
line of Nrg-1B1 expression in the spinal cord of normal non-
EAE mice (Fig. 1D and Supplementary Fig. 2A). The decline
in Nrg-1B1 protein levels persisted at the onset (12 dpi,
22%), peak of the disease (16 dpi, 25%), 14 days post peak
(dpp) (23%) that lasted chronically until 28 dpp (20%).
However, at 7 dpp, there was a modest recovery in Nrg-151
levels by 18% as compared to the EAE peak, which could
be possibly due to stochastic variations in samples. We fur-
ther determined whether there is a correlation between per-
ipheral levels of Nrg-1B1 in plasma and spleen with disease
onset and progression. Interestingly, Nrg-1p1 level was sig-
nificantly reduced in both plasma and spleen of EAE mice
during the disease course at presymptomatic (7 dpi), onset
(10-12 dpi) and peak (14-16 dpi), as compared to naive
animals (Fig. 1E and F). In plasma, Nrg-1p1 was significant-
ly declined at 7 dpi (40%), onset (73%) and peak (50%) of
EAE (Fig. 1E and Supplementary Fig. 2B). In spleen tissue,
the magnitude of Nrg-1p1 depletion was even more pro-
nounced, as it was barely detectable at presymptomatic,
onset and peak of EAE as compared to naive mice (Fig. 1F
and Supplementary Fig. 2C). Nrg-1B1 levels were moderate-
ly recovered in plasma and spleen starting from 7 dpp until
28 dpp, the last time point of our analyses (Fig. 1E and F).
To confirm the overall integrity of protein in EAE plasma
and tissue samples, we used serum albumin (BSA) and
GAPDH as housekeeping proteins, respectively. ELISA as-
sessment showed no significant change the levels of serum
albumin in the plasma or GAPDH in spleen and spinal cord
lysates of EAE samples across various time points as com-
pared to naive samples (Supplementary Fig. 2D and F), con-
firming that changes in Nrg-1B1 protein expression is a
biological event related to EAE pathology. Collectively, these
findings underscore a strong correlation between EAE
pathogenesis and progression and Nrg-1B1 downregulation
within the CNS and peripherally in plasma and spleen.

Nrg-131 treatment reduces disease
severity in EAE mice with an
extended therapeutic time window

We next sought to determine whether CNS and systemic
downregulation of Nrg-1B1 in EAE may have any functional


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa385#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa385#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa385#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa385#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa385#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa385#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa385#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa385#supplementary-data

Nrg-1B1 restoration alleviates EAE progression BRAIN 2021: 144; 162-185 | 167

A B

EAE mouse spinal cord

LFB-HE s
o | 5 155
.% %
z i
Ee
6 3
= 31.01
oo
= =9
= c =
=®
© E0.5_
1] o =
< N - £ ; c @
w 2L 4
| 8 é
® E 0.0
5 &
2 N
9
wl
<
i
D EAE spinal cord . E EAE plasma F EAE spleen
*
. — )
404 . < E 300+ 124
o 1L ° °
— (= * ® ~
) ‘— o 104
8 2 0] $s, ; ¢ 53 x
o 2 A oo E n 2 o
gg %3: %m “2200-' %} g-a‘::s- * o
@ 3 of |o = . *
2 S 20 . B o Hllgl 3 2 61
5 £ ° 2%
@2 = 1004 ol |® &2 47
& © 104 5 o| o zZ 5
T 9 £, 12+
&2 = ﬁ = 2 \
Z a i
= 0 T T T T T T T g 0 r - ? - r T T 0- - o
R.R Q R.R
‘\fo '\t’Q Q 6QQ bQ,LbQ ‘gb '\5Q ‘9er RO bQibQQ ‘ga- ’\b "Qz' b-qug;bQ
EAE EAE EAE

Figure | Nrg-1B1 expression levels are declined in CNS and peripherally in EAE mice. (A) Representative Luxol fast blue-haema-
toxylin and eosin (LFB-HE) stained spinal cord tissue from naive and EAE mice at the peak of the disease indicating demyelinating lesions. (B)
Immunohistological examination for myelin (MBP) and Nrg-131 revealed that Nrg-1B| expression is depleted in demyelinated regions whereas
adjacent myelinated normal appearing white matter area (normal-appearing white matter) as well as naive mice tissue indicated a strong expres-
sion of MBP and Nrg-181. (C) Quantitative immunofluorescence intensity in EAE spinal cord lesions showed 48% reduction in Nrg-131 as com-
pared to the adjacent normal-appearing white matter and naive mice tissue. Values are represented as fold change in intensity normalized to
naive. (D—F) Longitudinal assessment of Nrg-1f1 levels was performed on spinal cord (D), plasma (E) and spleen (F) of EAE mice at 7 dpi, onset
(10 dpi), peak (14—16 dpi), 7 dpp, 14 dpp and 28 dpp. Nrg-1 1 was significantly depleted in plasma, spleen and spinal cord of EAE mice at 7 dpi,
onset and peak of the disease. It was restored in plasma and spleen during the recovery phase (7 dpp, |4 dpp and 28 dpp). However, in the spinal
cord there was another reduction Nrg-1f1 levels at 14 dpp in which persisted until 28 dpp. Values represent mean + SEM. *P < 0.05; One-way
ANOVA followed by Holm-Sidak post hoc test. n = 3—-5. Naive mean values were compared to each time point for post hoc test in D—F.
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ramifications on disease progression and severity. To this
end, we systemically administered human recombinant Nrg-
1B1 to EAE mice through daily subcutaneous injections. We
performed systemic intervention as a clinically relevant strat-
egy and the notion that Nrg-1B1 was declined both periph-
erally and in the spinal cord. Of note, Nrg-1f1 is an
~8 kDa peptide containing the bioactive EGF-like domain
that is essential for activation of NRGI1 signalling.
Importantly, previous pharmacokinetic studies with similar
peptide (8 kDa) confirmed that Nrg-1B1 peptide can readily
pass the blood—CNS barrier by saturable, receptor-mediated
transport and enter CNS tissue (Kastin et al., 2004). We first
performed a dose efficacy study with different concentra-
tions of Nrg-1B1 peptide delivered at 300 ng, 600 ng and
1200 ng per day. To simulate the common clinical manage-
ment of multiple sclerosis, we began Nrg-1B1 therapy once
an EAE mouse reached peak of the disease (around Day 14—
16 post EAE induction, clinical score of 2.5-3 on a 5-point
scale). EAE animals received daily treatment until 42 dpi.
The control group received 0.1% BSA in saline, vehicle for
Nrg-1B1, in the same manner. Daily clinical assessments by
two experimenters blinded to animal treatments showed
improved functional recovery in Nrg-1B1 treated EAE mice
in a dose-dependent manner (Fig. 2A). At the end point
(42 dpi), the lower 300 ng/day dose did not induce any
beneficial effects on disability score compared to vehicle
treated EAE mice, suggesting that this dose did not reach the
therapeutic threshold of Nrg-131 peptide that is required to
induce significant improvements in EAE clinical scores. At
the same time point, we found that both 600 ng and 1200
ng daily dose of Nrg-1B1 significantly and comparably
improved functional recovery (26%), suggesting the ceiling
effect was reached with 600 ng dose (Fig. 2A). Of note, pre-
vious pharmacokinetic studies by Kastin et al. (2004) has
shown that radioactively labelled Nrg-1-B1 peptide is rela-
tively stable in mouse for 10 min after intravenous injection,
and can cross the blood—CNS barrier by saturable, receptor-
mediated transport and enters the parenchyma of brain and
spinal cord (Kastin et al., 2004). Thus, it is plausible that be-
yond certain dose (e.g. 600 ng used in our study), the recep-
tor-mediated transport for Nrg-1B1 becomes saturated and
the therapeutic efficacy of the peptide reaches its peak with
no further improvement in neurological scores. Based on the
daily clinical scores, we also calculated the area under the
curve as representative of cumulative disease burden for
each animal. Similarly, our analysis showed a significant re-
duction in cumulative disease burden in EAE animals that
received 600 ng/day (21%) and 1200 ng/day (26%) of Nrg-
1B1 as compared to the vehicle treated EAE mice (Fig. 2B).
Moreover, a heat map plot for the clinical score of each indi-
vidual mouse at the end point for vehicle and NRG1 (600
ng/day) treated group showed a significantly reduced disabil-
ity score in Nrg-1B1 treated EAE animals compared to ve-
hicle treated EAE mice (Fig. 2C). Based on this dosing study,
we used 600 ng/day (30 pg/kg/day) as an effective dose for
Nrg-1B1 in all subsequent EAE studies.

H. Kataria et al.

Since our findings showed Nrg-1B1 levels are markedly
reduced early in EAE development, we asked whether restor-
ation of Nrg-181 would ameliorate EAE severity and pro-
gression when treatment is administered at the onset of the
EAE symptoms (Day 12) or prophylactically at the time of
EAE induction. Our long-term longitudinal evaluation for
36 dpi showed Nrg-1B1 treatment starting at the EAE clinic-
al onset significantly reduced the cumulative burden of
disease (21%) when compared to vehicle treatment
(Fig. 2D-F). Prophylactic Nrg-1B1 treatment at the time of
EAE induction more pronouncedly improved neurological
disability (55% reduction) and cumulative disease burden
(53%) in EAE mice and also delayed EAE progression
(Fig. 2G-I). Collectively, these findings suggest that dysregu-
lation of Nrg-1B1 has functional ramifications in the patho-
genesis of EAE.

We extended our therapeutic studies to assess whether
Nrg-1p1 therapy would be therapeutically beneficial if
administrated in a delayed fashion after the peak of EAE.
Interestingly, Nrg-1B1 therapy also attenuated the severity
of EAE disability (21%) when it was delayed to 4 dpp com-
pared to the clinical disability of vehicle treated animals at
the end point (Fig. 2]J-L). We further evaluated the necessity
of sustained administration of Nrg-1B1 therapy for EAE re-
covery. To this end, we administered Nrg-1p1 treatment
transiently for 7 days, beginning at peak of the disease and
assessed neurological recovery of EAE animals until 42 dpi.
Interestingly, 7-day short-term treatment of Nrg-1p1 did not
improve EAE-induced neurological deficits (Fig. 2M-0).
Taken together, these observations suggest that dysregula-
tion of Nrg-1B1 has significant implications in EAE onset
and progression. Importantly, our therapeutic studies suggest
that Nrg-1B1 treatment offers an extended therapeutic time
window in EAE and can exert beneficial effects under differ-
ent treatment paradigms. However, continuous administra-
tion of Nrg-1B1 appears to be critical for its beneficial
effects in improving functional recovery in EAE.

Nrg-131 ameliorates EAE by
limiting leucocyte infiltration and
inflammation foci

To unravel the potential mechanisms by which Nrg-1p1
treatment improves the neurological outcomes of EAE, we
performed an array of histopathological, cellular and mo-
lecular analyses. Our overall histopathological analysis of
haematoxylin and eosin-Luxol fast blue stained spinal cord
tissue after 2 weeks of treatment showed that Nrg-1B1 treat-
ment significantly reduced the number of lesions (44%) and
lesion area (60%) in the EAE mice as compared to the ve-
hicle group (Fig. 3A-C). EAE lesions were identified by
increased cellularity indicative of inflammatory infiltration.
To confirm whether reduced EAE lesion size reflected a de-
crease in leucocyte infiltration, we used immunostaining for
CD45 (a general leucocyte marker) and laminin (marking
vasculature and perivascular regions) in EAE lesions
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Figure 2 Nrg-1p1 treatment ameliorates neurological disability in EAE mice. (A) Mice were assessed daily for EAE symptoms on the
basis of tail and hind limb functional deficits. Treatment with recombinant human Nrg-1B1 peptide (300 ng/day, 600 ng/day and 1200 ng/day) was
administered subcutaneously (s.c.) starting at the peak of the disease (Day |6 post induction) for 4 weeks. Nrg-11 treatment improved function-
al deficits in a dose dependent manner in EAE mice. Daily clinical scores were expressed as mean + SEM, *P < 0.05. Two-way-ANOVA followed
by Holm-Sidak post hoc test. (B) Cumulative disease burden for each animal was calculated as area under the curve. The 600 ng/day and 1200
ng/day Nrg-|B|-treated groups showed significant reduction in their mean cumulative disease burden as compared to the vehicle-treated group.
*P < 0.05. n = 10 for vehicle, 300 ng/day and 600 ng/day Nrg-131 groups. n =5 for 1200 ng/day Nrg-11 group. (C) Clinical score of each mouse
in vehicle and NRGI treatment group (600 ng/day) are plotted as a heat map. Sustained daily Nrg-1p1 treatment (600 ng/day) significantly
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(Fig. 3D and E). We observed a considerable reduction in
density of CD45™ cells in perivascular cuff and EAE lesions
in the spinal cord. Our quantification of CD45*/DAPI™ cells
within EAE lesions showed a significant reduction (38%) in
infiltrating leucocytes in the Nrg-1B1 treated group in rela-
tion to vehicle treated animals (Fig. 3F). To unravel the
underlying mechanisms by which Nrg-1B1 inhibits leucocyte
infiltration into the spinal cord, we studied the expression
pattern of known chemokines involved in this process by
using electro-chemiluminescence-based multiplex ELISA at
2,7 and 14 dpp. These timelines represent early and delayed
leucocyte response in EAE progression. We found that Nrg-
1B1 treatment modulates key chemokines involved in re-
cruitment of neutrophils (CXCL1/2, keratinocyte chemo-
attractant KC/human growth-regulated oncogene KC-GRO),
monocytes (MCP1, monocyte chemotactic protein 1) and
T cells (CXCL10, interferon-y-inducing protein 10)
(Fig. 3 G-I). For CXCL1/2, we detected a significant reduc-
tion (42% and 52%) with Nrg-1B1 at 7 and 14 dpp, respect-
ively, compared with vehicle treated EAE animals (Fig. 3G),
while MCP1 was significantly reduced (54%) at earlier time
point (2 dpp) and showed only modest effects at 7 and 14
dpp (Fig. 3H). Interestingly, Nrg-1p1 treatment significantly
reduced CXCL10 (>65%) at all the examined time points
(Fig. 3I). These findings indicate that limiting leucocyte infil-
tration into the CNS tissue is one immunomodulatory mech-
anism by which Nrg-1B1 attenuates EAE severity.

In EAE, matrix metalloproteinases (MMPs), in particular
MMP9, disrupt the integrity of blood—CNS barrier and
thereby facilitate leucocyte infiltration into the CNS tissue
(Yong et al., 2001). Thus, we asked whether Nrg-1B1 treat-
ment influences MMP activity in EAE. Through gelatin
zymography, we assessed the enzymatic activity of MMP2
and MMP9 within the spinal cord tissue. We demonstrate
that Nrg-1B1 treatment significantly attenuated the EAE-
induced increase in MMP9 activity by 42% (Fig. 3] and L).
However, we found no apparent changes in MMP2 activity
as the result of EAE (Fig. 3K and L). Recent studies have
implicated CSPGs in pathogenesis of EAE and multiple scler-
osis (Stephenson et al., 2018, 2019; Stephenson and Yong,
2018). Upregulation of CSPGs after EAE is shown to pro-
mote accumulation of leucocytes in the perivascular cuff and
facilitate their infiltration into the EAE lesions (Stephenson
et al., 2018). Our immunohistochemical analysis of EAE
lesions confirmed co-localization of CSPGs with microglia
and macrophages (Iba-1+) as well as astrocytes (GFAP +),
as expected (Fig. 4A and B). However, activated microglia
and macrophages seemed to show a greater degree of co-
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localization with CSPGs in EAE lesions than astrocytes. Our
quantitative immunofluorescence intensity analysis of CSPGs
showed that Nrg-1B1 treatment reduced the EAE induced
upregulation of CSPGs in the spinal cord by 40% (Fig. 4A
and C). These results were corroborated with our comple-
mentary slot blot analysis of CSPGs (Fig. 4D). Our findings
indicate that availability of Nrg-1B1 attenuates leucocyte in-
filtration in EAE through several mechanisms including
modulation of chemokines, MMP9 and CSPGs.

Availability of Nrg-1531 positively
regulates innate immune response
in EAE

CNS microglia and monocyte-derived macrophages are com-
ponents of the innate immune response that play a pivotal
role in EAE pathogenesis (Ajami et al., 2011; Jiang et al.,
2014; Moline-Velazquez et al., 2016). We sought to deter-
mine whether Nrg-1B1 treatment influences the response of
microglia and monocyte-derived macrophages. Our flow
cytometry of spinal cord tissue at 2 dpp (Supplementary Fig.
3) and 7 dpp (Fig. 5) showed no significant change in the
overall presence of CD37/CD11b* population between Nrg-
1B1 and vehicle treated EAE mice suggesting the number of
microglia and macrophage remains relatively unchanged
under Nrg-1B1 therapy (Fig. 5A; the gating strategy is
shown in Supplementary Figs 4 and 5). This was confirmed
by complementary immunohistochemical analysis of Iba-1*
microglia and macrophages in the spinal cord of EAE mice,
which also remained unchanged (Fig. 5B). To examine the
effect of Nrg-1B1 treatment on resident microglial, we per-
formed cell counts for the microglia specific marker,
TMEM119 and found no significant difference in the num-
ber of microglia in EAE lesions of Nrg-1B1 versus vehicle
treated mice (Fig. SC and D). Next, we specifically examined
circulating monocytes and monocyte derived macrophages
by flow cytometry in the blood (CD37CD11c¢!%/CD11b"/
Ly6g/NK1.1") and spinal cord tissue (CD37/CD49%¢"*/
CD11c¢/Ly6c™), respectively. Intriguingly, we detected a sig-
nificant reduction in both circulating (46%) and infiltrating
(28%) monocytes with Nrg-1B1 treatment at 7 dpp (Fig. SE
and F), while they remained wunaltered at 2 dpp
(Supplementary Fig. 3B). These findings suggest that the
overall reduction in leucocytes that we detected in EAE
lesions after 7 days of Nrg-1B1 treatment reflects, at least in
part, its suppressive effects on monocyte expansion and/or
infiltration into the CNS.

improved clinical score and reduced the cumulative burden of disease when administered at different paradigms including symptomatically at the
onset of EAE (D-F), prophylactically at the time of EAE induction (G-I), and delayed at 4 days after reaching the peak of the disease (J-L).
(M-O) Transient Nrg-1B1 therapy for 7 days starting at peak of EAE did not confer beneficial effects when assessed. Clinical scores are
expressed as average (mean + SEM). *P < 0.05. Two-way-ANOVA followed by Holm-Sidak post hoc test. n = 7—10. *P < 0.05; Mann-Whitney

non-parametric test for area under curve graph statistics.
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Figure 3 Nrg-1Bl treatment attenuates leucocyte infiltration and inflammation foci in the spinal cord of EAE mice. (A)
Representative images of haematoxylin and eosin-Luxol fast blue stained spinal cord tissue show active inflammatory and demyelinating lesions
(black arrows) in the white matter (WM) from vehicle and Nrg-11 treated animals 2 weeks after peak treatment. (B and C) Nrg-11 treatment
significantly reduced the area and number of EAE lesions as compared to the vehicle group. *P < 0.05; Student’s t-test. n = 5. (D) Representative
images of perivascular and spinal cord tissue stained with the leucocyte marker CD45 and laminin in naive, vehicle and Nrg-1BI treated group.
(E) Higher magnified images of CD45 */DAPI ™" in the spinal cord. (F) Infiltrating CD45 ™ cells were significantly reduced after Nrg-1B1 treatment
as compared to vehicle group. *P < 0.05; Student’s t-test. n = 5. (G—I) Multiplex Mesoscale ELISA at 2, 7 and 14 dpp revealed that Nrg-11 treat-
ment significantly reduces the expression levels of chemokines involved in (G) recruitment of neutrophils, CXCLI/2 (KC-GRO), (H) MCPI and
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Since the phenotype of microglia and monocyte-derived
macrophages has a significant impact on the neuroinflamma-
tory landscape in EAE, we next studied whether Nrg-1B1
treatment modulates the immune properties of these cells in
the spinal cord of EAE mice. Our flow cytometry assessment
identified a significant reduction (40%) in CD37/CD11b*/
CD80" pro-inflammatory ‘M1’ type microglia and macro-
phages with Nrg-181 treatment as compared to vehicle
group at 7 dpp. However, there was no significant change at
2 dpp time point analysis (Fig. SG and Supplementary Fig.
3C; gating strategy in Supplementary Fig. 5). This response
was also accompanied by a striking increase in CD37/
CD11b*/CD206* anti-inflammatory ‘M2’-like microglia
and macrophages under Nrg-1B1 treatment at both 2 dpp
(317%) and 7 dpp (274%) (Fig. SH and Supplementary Fig.
3D). We further assessed whether Nrg-1p1 influences the
phenotype of infiltrating monocytes in the EAE spinal cord.
Flow cytometry indicated Nrg-1B1 treatment significantly
decreased the number of monocyte derived M1-like macro-
phages (CD37/CD49¢*/CD80*) by 34% at 7 dpp, while
promoting M2-like macrophages (CD37/CD49%¢*/CD206™)
at both 2 dpp and 7 dpp (28% and 90%, respectively)
(Fig. 5L, J, and Supplementary Fig. 3F). However, there was
no change in monocyte derived M1-like macrophages with
Nrg-1B1 treatment at the 2 dpp time point (Supplementary
Fig. 3E; gating strategy in Supplementary Fig. 5). Our com-
plementary immunohistochemistry also verified this M1/M2
phenotype shift in the spinal cord of Nrg-1B1 treated EAE
mice (Fig. 5K and L). Since microglia and macrophages also
act as antigen presenting cells (APCs) in EAE, we studied the
effects of Nrg-1B1 on their phenotype in this context.
Interestingly, while Nrg-1p1 treatment significantly reduced
(33%) the overall number of CD37/IA/IE* APCs in EAE
lesions, it did not alter CD37/CD11b*/IA/IE* microglia/
macrophage APCs (Fig. SM and Supplementary Fig. 6A;
gating strategy in Supplementary Fig. 7).

Cytokine release profile of immune cells reflects their func-
tional impact on the neuroinflammatory response in EAE.
Thus, we also conducted a time course analysis of some key
cytokines associated with pro-inflammatory M1-like cells in
the spinal cord of EAE mice using multiplex mesoscale plat-
form. We found that Nrg-1B1 treatment dramatically
reduced the release of interleukin (IL)-1B at 2- and 7-day
post EAE peak. IL-6 and tumor necrosis factor alpha (TNF-
o) levels were also declined significantly in the spinal cord
after Nrg-1B1 treatment at all examined time points (2, 7,
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14 dpp), as compared to the vehicle group (Fig. SN-P).
However, spinal cord levels of the anti-inflammatory cyto-
kine IL-10 remained unchanged with Nrg-1B1 treatment at
all time points (Supplementary Fig. 6B).

Reactive oxygen species derived from macrophages are
involved in EAE and multiple sclerosis pathogenesis
(Bizzozero et al., 2005; Nikic et al., 2011; Fischer et al.,
2013). Thus, we asked whether the decrease in M1 macro-
phages would be associated with reduced reactive oxygen
species levels in the spinal cord tissue. We assessed reactive
oxygen species levels in the spinal cord of EAE mice with
red fluorescent ethidium signal intensity generated by oxida-
tion of DHE. EAE expectedly induced a robust increase
(73%) in the basal levels of reactive oxygen species, which
was significantly reduced in Nrg-1p1 treated EAE mice
(27%) (Fig. 5Q and R). We also asked whether reduction in
M1 macrophages and reactive oxygen species levels may at-
tenuate EAE induced lipid peroxidation during oxidative
stress. Slot blot analysis of oxidized lipids marker, E06,
showed high levels of lipid peroxidation in the EAE mice at
14 dpp, as compared to its non-detectable levels in non-EAE
naive animals. Nrg-1B1 treatment remarkably attenuated
oxidized lipids (80%) as compared to vehicle treated EAE
mice (Fig. 5S). Collectively, our findings indicate that Nrg-
1B1 regulates monocyte expansion and infiltration peripher-
ally in EAE and fosters a phenotype in macrophages and
microglia in the CNS that supports resolution of the pro-in-
flammatory landscape in EAE mice.

Nrg-131 mitigates T helper |
response directly and indirectly by
modulating macrophages

T-cell-triggered autoimmunity is a major mechanism of EAE
and multiple sclerosis pathogenesis (Zamvil and Steinman,
1990). Therefore, we next investigated whether Nrg-181
modulates EAE pathogenesis and resolution by influencing
T helper cell population. Flow cytometry at 2 and 7 dpp
identified no change in total number of CD3*/CD4* T cells
in the blood or spinal cord of EAE mice suggesting Nrg-151
did not affect overall T cell expansion peripherally, nor their
presence in the spinal cord (Fig. 6A, B and Supplementary
Fig. 3G). However, Nrg-1fB1 treatment appeared to influence
T cell phenotype in EAE lesion as we detected a significant
reduction (18.73%) in the Th1 interferon gamma cytotoxic
cells (CD4*/IFNy™*) population in the spinal cord of EAE

(1) chemokine for T cells, CXCLI10. Data represent mean + SEM, *P < 0.05; Student’s t-test. n = 4-8. (J) Gelatin zymography for MMP2 and
MMP9 activity was performed on the spinal cord lysate samples of EAE mice treated with vehicle or Nrg-131. MMP9 activity was significantly ele-
vated as the result of EAE, which was significantly reduced by Nrg-11 treatment to a level close to the basal level detected in naive non-EAE spi-
nal cord. (K) No alteration in activity of MMP2 was observed in vehicle or Nrg-1f1| treated group as compared to the naive group. (L)
Representative gelatin zymogram of MMP2 and MMP9 activity in the spinal cord lysate samples of EAE mice treated with vehicle or Nrg-1B1.
Data represent mean fold change in expression + SEM normalized to the naive group. *P < 0.05. One-way ANOVA followed by Holm-Sidak post

hoc test. n = 4-6.
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Figure 4 Nrg-1p1 treatment attenuates the expression of CSPGs in EAE lesions. (A) Representative images of immunohistochemical
staining of CSPGs, microglia/macrophage (Iba-1) and astrocytes (GFAP) in naive, vehicle and Nrg-11 treated groups. Treatments were adminis-
tered for 2 weeks starting at peak of the disease. (B) CSPGs were highly upregulated in association with both astrocytes and microglia/macro-
phages as demonstrated by co-labelling with Iba-1 and GFAP in the high-magnification images of marked area. Yellow arrows show co-labelling
with Iba-1 and GFAP, respectively. (C and D) Quantitative immunofluorescence intensity and slot blot analysis showed Nrg-11 treatment signifi-
cantly abated the EAE-induced expression of CSPGs. Data represent mean fold change in expression + SEM normalized to the naive group.
*P < 0.05. One-way ANOVA followed by Holm-Sidak post hoc test. n = 4-5.
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Figure 5 Nrg-1B1 suppresses monocyte expansion and infiltration and attenuates pro-inflammatory phenotype of microglia
and macrophages in EAE mice. (A) Flow cytometric analysis of spinal cord from vehicle and Nrg-11 treated animals at 7 dpp showed that
Nrg-1B1 did not change the overall population of CD37/CDI Ib* microglia and macrophages. (B and C) Immunohistochemical cell density ana-
lysis of microglia/macrophage common marker, Iba-1 and microglia specific marker TMEMI 19 also confirmed that Nrg-1B1 did not alter the re-
cruitment/activation of macrophages and resident microglia in the spinal cord as compared to the vehicle EAE groups. *P < 0.05. One-way
ANOVA, n = 3-4. (D) Representative images of TMEMI |9 immunostaining from spinal cord lesions of naive, vehicle and NRGI treated groups
are shown. (E and F) Nrg-1pB1 treatment significantly reduced circulating monocytes (CD | 1c'®/CD I 1b"/Ly6g/NK 1.17) in the blood and infiltrat-
ing macrophages (CD37/CD49e*/CDI Ic/Lyéc™) in the spinal cord of Nrg-I1BI treated animals as compared to vehicle group. (G and H)
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mice at the 7 dpp time point (Fig. 6C, D and Supplementary
Fig. 3H; gating strategy in Supplementary Fig. 8). Of note,
the number of circulating Th1 CD4*/IFNy™* cell population
in the blood remained unaffected with Nrg-1B1 treatment,
suggesting that the effects of Nrg-1B1 on T cell phenotype
were more specific to the environment of EAE spinal cord
(Fig. 6C). Nrg-1pB1 effects were also accompanied by a sig-
nificant reduction in the spinal cord levels of IFNy*, IL-2
and IL-16 under NRGI1 treatment at 2 dpp and/or 7 dpp
(Fig. 6E-G). These cytokines are key mediators of Thl cell
differentiation and function in EAE and multiple sclerosis
(Skundric et al., 2015). We also studied the Th17 response,
another key driver of EAE pathogenesis (Rostami and Ciric,
2013). However, flow cytometry of the effector Th17 popu-
lation (CD4*/IL-17*) showed that Nrg-1B1 treatment did
not alter effector Th17 population in the blood or the spinal
cord of EAE mice at 2 dpp and 7 dpp (Fig. 6H, I and
Supplementary Fig. 3I). In contrast, anti-inflammatory regu-
latory T cells (CD4*/CD25*/FR4* and CD4%/CD25*/
FoxP3™*) were significantly elevated at 2 and 7 dpp as the re-
sult of Nrg-1B1 treatment (Fig. 6], K and Supplementary
Fig. 3] and K). These EAE findings suggest that although
availability of Nrg-1B1 does not suppress the overall recruit-
ment of T cells peripherally or in the EAE lesions, it fosters
a more balanced T-cell response by suppressing effector Th1
response while promoting regulatory T-cell populations.
Response and phenotype of T cells in EAE pathogenesis
and recovery is highly influenced by their cross-talk with
CNS innate immune cells (microglia, macrophages and
astrocytes) (Zamvil and Steinman, 1990; Ajami et al., 2011;
Olah et al., 2012; Miron et al., 2013; Rostami and Ciric,
2013; Jiang et al., 2014; Brambilla, 2019). Since we found
that Nrg-1B1 regulated T-cell phenotype in the spinal cord
but not in the blood, we asked whether it influenced T-cell
phenotype indirectly through its modulatory effects on astro-
cytes, microglia and/or monocyte derived macrophages in
EAE lesions. Notably, our immunocytochemical assessments
confirmed that microglia, macrophages and astrocytes ex-
press Nrg-1B1 ligand binding receptors, ERBB2 and ERBB4
(Supplementary Fig. 9). To address this hypothesis, we per-
formed in vitro studies. We polarized naive CD4* T cells
under Th1 and Th17 polarization conditions and subject

Figure 5 Continued
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them to conditioned media from microglia, BMDMs or
astrocytes under MO (control) or M1 (IFNy +LPS treated)
conditions with or without Nrg-1B1 treatment. First, we
demonstrate that direct treatment with Nrg-1B1 resulted in a
reduction in the number of Thl polarized cells (CD4*/
IFNy*) in a concentration dependent manner, as compared
to the control condition (Fig. 6L). Then, we found that con-
ditioned media of M1 BMDM significantly increased Thl
population (45%), while M1 BMDM treated with Nrg-131
(200 ng/ml) decreased Th1l cells (26%). Treatment with
Nrg-1B1 did not affect the effects of MO non-activated
BMDM cells on Th1 polarization. This demonstrates that
availability of Nrg-1B1 can inhibit Th1 polarization by regu-
lating the response of pro-inflammatory M1 macrophages
(Fig. 6M). Interestingly, conditioned media of activated M1
microglia or astrocytes conditioned media did not result in
any significant change in the population of Th1l polarized
cells, suggesting a specific role for macrophages in promot-
ing Th1 response (Fig. 6N and O). Our flow cytometry stud-
ies of Th17 polarized cells showed no changes in the
number of Th17 effector cells (CD4*/IL-17*) neither under
Nrg-1B1 nor BMDM or microglia conditioned media
(Supplementary Fig. 10A-C), while astrocyte conditioned
media itself (both MO and M1) significantly attenuated the
generation of CD4*/IL-17* Th17 cells, although it was irre-
spective of Nrg-1B1 treatment (Supplementary Fig. 10D).
Interestingly, our in vitro flow cytometry revealed that
Nrg-1p1 (100 ng/ml and 200 ng/ml) also directly reduced
(27-35%) Th1 effector cells (CD4 */IFNy ™) under Th17 po-
larization, confirming our finding in the EAE mice
(Supplementary Fig. 10E). Although conditioned media of
BMDMs (both MO and M1) did not affect the number of
CD4*/TFNy* cells, conditioned media from MO and M1
microglia significantly attenuated these pro-inflammatory
cells. However, this effect was irrespective of Nrg-1p1 treat-
ment (Supplementary Fig. 10F and G). In contrast, condi-
tioned media from activated astrocytes treated with Nrg-131
(200 ng/ml) significantly attenuated CD4*/IFNy™* effector
Th1 under Th17 polarization in comparison to conditioned
media of non-activated astrocytes treated condition
(Supplementary Fig. 10H). Taken together, these findings
suggest that Nrg-1B1 primarily regulate the Th1 mediated

Nrg-1B1 treatment also significantly reduced pro-inflammatory MI (CD37/CDI Ib*/CD80 ") microglia/macrophages, while promoted an anti-in-
flammatory M2 (CD37/CDI1b*/CD206") phenotype. (I and J) Monocyte derived M| macrophages (CD37/CD49e*/CD80") were also
decreased in the spinal cord Nrg-1B1 treated mice, while ‘M2’ macrophages were increased (CD37/CD49e*/CD206%). (K and L)
Representative images of EAE spinal cord immunostained with M| marker (CD80) or ‘M2’ marker (CD206) co-labelled with microglia/macro-
phage markers Iba-1 or OX-42, respectively, show the M| to M2 phenotype shift in microglia/macrophage population in Nrg-131 treated group
as compared to vehicle group at the 7 dpp time point. (M) Flow cytometric assessment showed a significant reduction in total antigen presenting
cells (CD37IA/IE™) in the EAE spinal cord under Nrg-1B1 treatment as compared to vehicle group. (N—P) Cytokine analysis by ELISA in spinal
cord tissues also revealed Nrg-1B1 treatment significantly reduced pro-inflammatory cytokines IL-13, TNF-0, and IL-6. (Q and R) Reactive oxy-
gen species (ROS) was detected in EAE mice by conversion of DHE to ethidium in the spinal cord tissue. EAE resulted in substantial increase in
reactive oxygen species levels in the white matter of the spinal cord in which was significantly reduced by Nrg-11 treatment. (S) Slot blot ana-
lysis of oxidized lipids (E06) was performed on spinal cord lysates at 14 days after Nrg-1p1 treatment. EAE induced E06 levels, which was reduced
significantly after Nrg-11 treatment as compared to the vehicle treated group. Data represent mean + SEM. *P < 0.05; Student’s t-test. n = 6-8.
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Figure 6 Nrg-1p1 treatment promotes a T regulatory response directly and indirectly by modulating macrophages. (A and B)
Flow-cytometry of vehicle and Nrg-1B1 treated mice after 7 days of treatment revealed no change in the total number of CD4" T cells in the
blood and spinal cord. (C and D) While the total number of effector T cells (CD4 " IFNy ") remained unchanged in the blood, there was a signifi-
cant reduction in CD4”IFNy™ cells in the spinal cord of Nrg-1B1 treated animals as compared to vehicle group. (E-G) Cytokine assessment in
spinal cord tissue with ELISA showed that Nrg-1B| treatment significantly reduced key drivers of Thl cell differentiation IFNy, IL-2 and IL-16.
*P < 0.05; Student’s t-test. n = 6-8. (H and 1) Flow-cytometry for CD4"IL-17" effector T cell population after 7 days of Nrg-1BI treatment
did not show any change in this population in the blood or spinal cord. (J and K) A significant increase in anti-inflammatory T regulatory
(CD4"/CD25"/FR4™) and CD4"/CD25"/FoxP3" cells was observed with Nrg-l1B| treatment as compared to vehicle group. *P < 0.05;

(continued)



Nrg-1B1 restoration alleviates EAE progression

inflammatory response in EAE directly, which appears to be
directly and indirectly through modulation of monocytes/
macrophages and to some extent astrocytes.

Protemics asserts the impact of
Nrg-131 on modulating pathways
involved in immune response and
lipid oxidation in EAE

To validate immune modulatory role of Nrg-1B1 treatment
in the EAE, we performed LC-MS/MS based proteomics on
the spinal cord tissue of EAE mice at 7 days post treatment,
the time point that Nrg-1B1 showed most of its significant
regulatory effects. Comparing Nrg-1B1 and vehicle treated
groups, we found 342 differentially expressed proteins as
the result of Nrg-1B1 therapy (Fig. 7A). Pathway analysis of
upregulated and downregulated proteins in Nrg-1p1 treated
group with respect to vehicle group unveiled some of the
key biological functions related to immune response, lipid
oxidation, stress response, apoptotic signalling and mito-
chondrial/vesicle transport (Fig. 7B). A detailed database
search through DAVID software corroborated these findings
as immune response, lipid oxidation, cell adhesion and cell
differentiation were some of the GO pathways, which sig-
nificantly enriched in pathway analysis (Fig. 7C). To elabor-
ate on these bioinformatics data, we performed specific
pathway analysis using ClueGo software. Reactome and GO
database pathway analysis affirmed our ELISA and flow
cytometry assessment suggesting the involvement of IL-1, IL-
17 and TLR cascades in Nrg-1p1 mediated effects in EAE
spinal cord tissue (Supplementary Table 6). Of note, Nrg-
1B1 ameliorated the proteins/transcription factors associated
with leucocyte trans-endothelial migration, chemokine
mediated migration, leucocyte infiltration and macrophage-
restricted adhesion molecules, confirmed our cellular assess-
ment that showed availability of Nrg-1B1 inhibits leucocyte
infiltration into the CNS during EAE pathogenesis.
Interestingly, pathway analysis also affirmed the effects of
Nrg-1B1 in attenuating lipid oxidation and fatty acid cata-
bolic processes. Collectively, our immunohistochemical, flow
cytometry, cytokine profiling and proteomics data indicate
that Nrg-1B1 reduces monocyte extravasation from the per-
iphery thereby abating the Th1 (IFNy) mediated inflamma-
tory response in the CNS of EAE mice, which results in
reduced/delayed EAE symptoms and facilitates the recovery
process.

Figure 6 Continued
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Nrg-131 is depleted in active
demyelinating plaques of patients
with multiple sclerosis

To validate the relevance of our EAE studies to multiple
sclerosis pathophysiology, we investigated Nrg-1B1 protein
expression in active demyelinating plaques of six multiple
sclerosis brain samples. Using haematoxylin and eosin-Luxol
fast blue, we first identified multiple sclerosis demyelinating
plaques in the white matter (Fig. 8A). We further confirmed
demyelinating lesions by reduced immunofluorescence inten-
sity of myelin basic protein (MBP). Our immunohistochemi-
cal analysis showed a significant reduction in Nrg-1B1
expression levels within multiple sclerosis plaques as com-
pared to the surrounding normal-appearing white matter
(Fig. 8B, C and Supplementary Fig. 11A). To quantify and
account for the variability among multiple sclerosis tissue
samples, we normalized immunofluorescence intensity values
for each lesion to normal-appearing white matter adjacent
area of the same sample. Collective analysis of all samples
showed that Nrg-1B1 intensity levels was reduced within the
multiple sclerosis plaques by 39% as compared to normal-
appearing white matter. These results provide evidence sup-
porting a positive association between Nrg-1p1 downregula-
tion and multiple sclerosis pathology (Fig. 8C and
Supplementary Table 5).

Nrg-131 levels are lower in early
multiple sclerosis and are
associated with disease progression

We next determined whether downregulated levels of Nrg-
1B1 is also detected peripherally in the plasma of multiple
sclerosis individuals, as detected in the EAE mice. We ana-
lysed Nrg-1B1 levels in plasma samples of multiple sclerosis
and normal individuals (Supplementary Table 7). ELISA
analysis included normal participants (7 = 30) and multiple
sclerosis individuals of a patient cohort (n = 136) presenting
three major sub-types of multiple sclerosis including CIS
(n=11), RRMS (7 =113) and SPMS (# = 12). Primary pro-
gressive multiple sclerosis (PPMS) type was not included in
our analysis because of insufficient samples within the co-
hort. Our initial analysis comparing plasma level of Nrg-1p1
among normal individuals and all multiple sclerosis patients,
regardless of their disease subtype, showed no significant dif-
ference (Fig. 8D and Supplementary Table 7). To ascertain

Student’s t-test. n = 6-8. (L-O) Naive CD4™ T cells were polarized in vitro under Thl conditions and were cultured with different concentration
of Nrg-1B1, conditioned medium (CM) from normal (M0) and M| polarized (IFNy +LPS treated) microglia and BMDMs treated with Nrg-1§1
50 ng/ml or 200 ng/ml for 72 h. (L) Flow cytometric assessment revealed higher dose of Nrg-131 (200 ng/ml) significantly reduced CD4 " IFNy*
T cells. (M) While there was a significant increase in CD4"IFNy ™ cell population under BMDM MI conditioned media, Nrg-131 200 ng/ml
treated M| BMDM conditioned media was able to diminish this increase significantly. (N) MO Microglial conditioned media reduced the total
number of Thl polarized CD4"IFNy™ T cells, (O) while astrocytes conditioned media did not alter Thl cell population. *P < 0.05. One-way

ANOVA followed by Holm-Sidak post hoc test. n = 4-5.
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Figure 7 Proteomic analysis asserts that lipid oxidation and immune modulation are key Nrg-1§1 mediated mechanisms in
EAE recovery. (A) Volcano plot illustrates differentially abundant proteins in the spinal cord of vehicle and Nrg-1B| treated mice at 7 days
post-peak of EAE. The —logl0 is plotted against the log2 (fold change). The horizontal line denotes P = 0.05, which was set as significance thresh-
old (prior to logarithmic transformation). (B) Functional analysis of differentially expressed proteins using ClueGo plug-in in cytoscape software
shows the interactions among the significantly different biological functions associated with upregulated and downregulated proteins in this study.
Based on the « score level, biological functions are depicted as coloured nodes linked to related groups. (C) Differentially expressed proteins
were further analysed using DAVID software. The x-axis represents the fold enrichment of each biological function GO term. Only statistically
significant GO terms are shown. Key for the GO terms are: GO:0098609, cell, cell adhesion; GO:0098641, cadherin binding involved in cell, cell
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(continued)



Nrg-1B1 restoration alleviates EAE progression

whether Nrg-1B1 expression may vary under disease modi-
fying treatments (DMTs) at the time of sample collection,
we also compared Nrg-1B1 levels between DMTs users and
non-users. Our analysis indicated no overall difference in
Nrg-1B1 levels among all multiple sclerosis patients receiving
DMTs as compared to patients who did not receive any
treatment (Fig. 8E and Supplementary Table 7). The appar-
ent lack of statistically significant difference in plasma levels
of Nrg-1p1 in DMT users and non-user patients could be
attributed to the smaller sample size and high variability
within the group.

We next determined the plasma levels of Nrg-1p1 among
different subtypes of multiple sclerosis. We first plotted Nrg-
1B1 levels of multiple sclerosis patients grouped into respect-
ive clinical diagnosis for the disease and then subgrouped
based on whether they were receiving any DMTs at the time
of plasma collection. Intriguingly, we found significantly
lower (>50%) plasma levels of Nrg-1p1 in CIS individuals,
irrespective of receiving DMTs, in comparison to normal
individuals (Fig. 8F, Supplementary Fig. 11B and
Supplementary Table 7). Importantly, 55% (6 of 11) of the
CIS individuals in this study developed RRMS during a me-
dian follow-up of 4 years of the of CIS
(Supplementary Fig. 11C). Of note, the CIS patients who
developed RRMS also showed lower levels of Nrg-1p1
(61% reduction) in plasma, as compared to those who did
not develop multiple sclerosis (46% reduction) until their
last clinical visit (Fig. 8G). These initial findings provide first
evidence suggesting that Nrg-1B1 is dysregulated in early
phase of multiple sclerosis.

Next, we investigated the relationship between Nrg-181
plasma levels and DMTs among multiple sclerosis subtypes.
Interestingly, Nrg-1B1 levels in CIS and SPMS individuals
who did not receive DMTs were significantly reduced as
compared to normal individuals. Nrg-1p1 levels of RRMS
patients, both DMT and non-DMT receiving, were closer to
normal individuals than CIS and SPMS individuals (Fig. 8H
and Supplementary Table 7). Furthermore, we examined
whether Nrg-1B1 plasma levels correlate with the Expanded
Disability Status Scale (EDSS) or number of years spent after
multiple sclerosis diagnosis and DMTs for each individual
(Fig. 8I and Supplementary Fig. 11D). We did not find any
statistically significant difference in our analysis due to high
degree of variation, although there was an overall reduction
in the levels of Nrg-181 in individuals who did not receive
any DMTs with respect to EDSS score (Fig. 8I). Similarly,
there was reduced expression of Nrg-1B1 during early years
of multiple sclerosis with respect to EDSS score. However,
the difference was not statistically significant as compared to

onset

Figure 7 Continued
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healthy controls (Supplementary Fig. 11D). Overall, the
smaller sample size across the groups, higher variability in
expression of Nrg-181 among multiple sclerosis patients and
disparate stage of the disease plausibly led to non-significant
outcomes of these analyses. Future studies with larger mul-
tiple sclerosis patient sample size and adequate representa-
tion of all stages of the disease are warranted to have
conclusive evidence about the relation of Nrg-1B1 with dis-
ease progression and DMT administration.

Discussion

Currently, little is known about the early endogenous mech-
anisms that regulate multiple sclerosis autoimmune response
at the onset and progression of the disease. Understanding
multiple sclerosis mechanisms can aid in identifying disease
markers and facilitate clinical assessment, timely diagnosis
and treatment of multiple sclerosis. In the present study, uti-
lizing the preclinical EAE mouse model and multiple scler-
osis patient samples, we provide new evidence that
dysregulation of Nrg-1B1 is associated with multiple scler-
osis pathology and is detectable both peripherally in the
plasma and centrally in the CNS lesions. Downregulation of
Nrg-1B1 precedes EAE symptoms and persists during disease
onset and progression, when the immune response is pre-
dominantly pro-inflammatory. Importantly, we provide evi-
dence that downregulation of Nrg-1B1 has impact on EAE
immunopathogenesis, as therapeutic restoration of Nrg-181
in the EAE mice delayed disease onset and attenuated clinic-
al severity of EAE. Relevance of these findings to multiple
sclerosis was corroborated by detecting lower levels of Nrg-
181 in the plasma of CIS individuals at the onset of multiple
sclerosis compared to normal individuals. Capitalizing on
these new findings, we propose that downregulation of Nrg-
1PB1 is a disease characteristic in early multiple sclerosis and
its reduced levels may indicate disease severity. This notion
is furthered supported by our findings that multiple sclerosis
patients whose disease was regulated with DMTs had a
more normal level of Nrg-1B1 in their plasma. While efforts
are being made to identify early disease markers for multiple
sclerosis or to develop treatments that can prevent or delay
progression to definite multiple sclerosis (Metz et al., 2017),
Nrg-1B1 appears to be a promising target for further investi-
gations in this direction.

NRGT1 is well-known for its diverse roles in the develop-
ment and physiology of the nervous system (Kataria et al.,
2019). The Nrg-1B1 isoform is predominantly expressed in
the nervous system (Nave and Salzer, 2006). In the CNS,
NRGT1 is highly expressed by neurons and is axonally-

GO:0009062, fatty acid catabolic process; GO:0006635, fatty acid beta, oxidation; GO:0004721, phosphoprotein phosphatase activity;
GO:0006470, protein dephosphorylation; GO:0043123, positive regulation of |, kappaB kinase/NF, kappaB signaling; GO:0045087, innate immune
response; GO:0033555, multicellular organismal response to stress; GO:0019771, negative regulation of cell morphogenesis involved in

differentiation.
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Figure 8 Nrg-1p1 is depleted in plasma and brain lesions of multiple sclerosis patients. (A) Post-mortem brain samples from multiple
sclerosis patients were stained for Luxol fast blue-haematoxylin and eosin (HE-LFB) to identify demyelinating lesion in the white matter (B)
Representative images of normal-appearing white matter (NAWM) or lesion area from multiple sclerosis (MS) brain sections stained with anti-
bodies against Nrg-131 and MBP. (C) Quantification for Nrg-1B31 immunofluorescence intensity was performed from six different multiple scler-
osis brain samples comparing the Nrg-11 intensity in lesion to the normal-appearing white matter from same section. Values are represented as
fold change in intensity normalized to normal-appearing white matter for each sample which is shown as dotted baseline. There was 39% reduc-
tion in Nrg-1B1 expression within multiple sclerosis lesions as compared to the adjacent normal-appearing white matter. (D—G) ELISA was per-
formed for Nrg-1B1 on human plasma samples from normal individuals and multiple sclerosis patients. (D) Box plots show range of Nrg-1f1
levels (minimum to maximum) in normal controls (HC, n = 30) and multiple sclerosis patients (n = 136). (E) multiple sclerosis patients were cate-
gorized into disease modifying therapy (DMT, n = 88) or no DMT (n = 48) users at the time of sample collection. Nrg-131 levels of DMT users
are indicated with dotted box plots. (F) CIS individuals showed a significant reduction in Nrg-131 levels in plasma as compared to normal

(continued)
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localized (Michailov et al., 2004; Gauthier et al., 2013).
Likewise, oligodendrocytes express NRGT1 in the injured and
healthy rodent spinal cord tissue (Gauthier et al., 2013;
Bartus et al., 2016). NRG1 is also expressed by astrocytes to
a lesser extent, where intracellular cAMP levels and protein
kinase C (PKC) signalling pathways have been shown to
regulate its expression in vitro (Tokita et al., 2001).
Expression of Nrgl mRNA has been also reported in per-
ipheral blood mononuclear cells (PBMCs) and in mouse
brain (Tokita et al., 2001; Ikawa et al., 2017), although our
previous studies did not show a detectable level of NRG1
protein in microglia/macrophage in the spinal cord
(Gauthier et al., 2013). All known secreted isoforms of
NRGT1 contain a heparin-binding domain that binds to hep-
aran sulphate proteoglycan and acts as a highly specific tar-
geting mechanism to deliver NRG1 to the extracellular
matrix of sites where it is needed, such as developing white
matter tracts of the spinal cord and the basal lamina of
neuromuscular synapses (Loeb et al, 1998, 1999).
Interestingly, NRG1 precursors are produced in cortical neu-
rons, while soluble NRG1 ligand becomes concentrated
within the extracellular matrix of white matter, where it can
be released into the CSF (Pankonin et al., 2009). Although
the underlying cause of Nrg-1p1 downregulation in EAE
lesions needs further elucidation, our data suggest its reduc-
tion in EAE lesion may reflect degeneration of its primary
sources, axons and oligodendrocytes. This observation is
reminiscent of our previous studies in traumatic spinal cord
injury and lysolecithin (LPC)-induced focal demyelinating
lesions that also showed a long lasting reduction in Nrg-1B1
protein expression in white matter lesions of the spinal cord
(Gauthier et al., 2013; Kataria et al., 2018). An early study
also reported absence of NRGT1 in active multiple sclerosis
lesions, which was attributed to astrocytes, although the
conclusion was made qualitatively (Viehover et al., 2001).
Importantly, we have shown for the first time that Nrg-1p1
was more robustly but transiently downregulated peripheral-
ly in the spleen and blood of EAE mice during the presymp-
tomatic, onset and peak of the disease, as compared to its
persistent but less severe dysregulation in the spinal cord.
Further investigations are needed to determine how Nrg-1p1
is transiently depleted in the spleen and blood circulation in
early and acute stages of EAE. However, our data support
the plausibility of an active suppression of Nrg-1p1

Figure 8 Continued

BRAIN 2021: 144; 162-185 | 18I

expression rather than extravasation of Nrg-1B1 expressing
leucocytes to the CNS, as the decline was simultaneously
observed in the EAE lesions. Nonetheless, transient dysregu-
lation of Nrg-1B1 in the spleen and blood during EAE
pathogenesis points to its importance as an early disease
characteristic and a potential immunotherapeutic target.

Therapeutically, we demonstrate that subcutaneous
rhNrg-1B1 treatment delayed EAE onset and alleviated dis-
ease progression and severity, when administered prophylac-
tically, symptomatically, acutely or chronically. An early
study by Canella and colleagues in 1998 also examined the
therapeutic effects of administering glial growth factor 2
(GGF2, a 40 kDa isoform of NRG1), in a chronic relapsing
SJL/] mouse model of EAE (Cannella et al., 1998). These
studies showed that subcutaneous administration of 2 mg/kg
dose of rhGGF2 acutely at the time of EAE induction
delayed EAE symptoms and significantly reduced relapses.
Treatment at the peak of disease also reduced relapses; how-
ever, it had no apparent effects on mean clinical scores in
the EAE mice. Of note, effective dose of rhNrg-1p1 for EAE
neurological recovery in our study was 600 ng/day/mouse or
30 pg/kg, which is much lower compared to the range of
0.2-2 mg/kg dose of rhGGF2 in these studies (Cannella
et al., 1998). Beneficial effects of rhGGF2 on clinical recov-
ery was accompanied by improved remyelination in EAE
mice. This work, however, did not study either the expres-
sion profile of GGF2 during the course of EAE or its role in
pathogenesis of EAE. Thus, it would be intriguing to know
whether GGF2 follows the same expression profile and
pathological characteristics centrally and peripherally in
EAE and multiple sclerosis as what we have identified for
Nrg-1B1 in our studies

We have uncovered that the beneficial therapeutic effect of
Nrg-1pB1 is associated with several immune regulatory mech-
anisms in EAE. Regulation of monocyte response appeared
to be a major mechanism, as Nrg-1B1 treatment specifically
suppressed circulating monocytes and reduced their infiltra-
tion into EAE lesions, while having had no apparent effects
on the number of circulating or infiltrated T cells. These
results were well supported by our chemokine profiling in
which key monocyte chemoattractants, CXCL1/2, CXCL10
and MCP1, were significantly reduced in Nrg-1p1 treated
EAE mice. It is well-established that pro-inflammatory
monocyte-derived macrophages accumulate in EAE lesions

individual samples. *P < 0.05; Mann-Whitney U-test. (G) Nrg-11 plasma levels of CIS individuals were further categorized based on their subse-
quent diagnosis of multiple sclerosis (RRMS) in the follow-up years and compared to normal patient samples. Six of | | CIS patients converted to
RRMS and represented lower levels of Nrg-131 as compared to those who did not progress to multiple sclerosis (non-converter). (H) Multiple
sclerosis patients were further categorized based on clinical diagnosis into different multiple sclerosis type/stage and whether they received any
DMT or not (NDMT). Nrg-1B1 levels in plasma samples from CIS (n = | |; NDMT = 7, DMT = 4), RRMS (n = | 13; NDMT = 3|, DMT = 82) and
SPMS (n=12; NDMT = 10, DMT = 2) were analysed. Nrg-1B1 levels in CIS and SPMS patients who did not receive DMT were significantly
reduced as compared to normal individuals. *P < 0.05; Mann-Whitney U-test. (I) Nrg-11 plasma levels of normal individuals and multiple scler-
osis patients (with or without DMT) were analysed against their EDSS. Nrg-1B1 levels were stable in DMT receiving patients irrespective of
EDSS score, while multiple sclerosis patients without any DMT demonstrated lower levels of Nrg-131 as compared to normal individuals. The
plus symbol indicates the mean value of Nrg-11 levels among analysed samples.
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during onset and peak of the disease (Jiang et al., 2014;
Moline-Velazquez et al., 2016) and drive autoimmune medi-
ated demyelination by producing cytokines and presenting
myelin epitopes to activating CD4* T cells (McMahon
et al., 2005; van Zwam et al., 2011; Sosa et al., 2013;
Stephenson et al., 2018). Reducing monocyte infiltration
and activation has previously improved clinical scores in
EAE mice (Niimi et al., 2013). Moreover, blocking mono-
cyte entry into the CNS in Ccr2 null mice delayed EAE
onset, while enhancing monocyte infiltration via SOCS3 de-
ficiency accelerated disease onset and exacerbated neuro-
logical disability in EAE (Saederup et al., 2010; Qin et al.,
2012).

Mechanistically, our findings suggest that Nrg-1B1 may
suppress monocyte infiltration by its remarkable ability to
reduce the activity of CSPGs and MMP9. Recent studies in
multiple sclerosis and EAE uncovered that CSPGs facilitate
leucocyte accumulation in the perivascular cuff and promote
their trafficking into the CNS (Stephenson et al., 2018;
Stephenson and Yong, 2018). Our studies in spinal cord in-
jury also identified a pro-inflammatory role for CSPG signal-
ling (Dyck et al., 2018). Leucocyte infiltration also requires
activation of MMPs that are expressed by microglia, mono-
cytes and macrophages (Yong et al., 2001; Nuttall ef al.,
2007; Rawji and Yong, 2013). MMP9, in particular, plays a
key role in disruption of the blood—-CNS barrier and pro-
moting multiple sclerosis pathogenesis (McManus et al.,
1998; Larochelle et al., 2011; Gerwien et al., 2016). As sup-
porting evidence, studies in cortical injury showed that
NRG1 treatment reduces injury-induced permeability of
endothelial cells in the blood—~CNS barrier by attenuating IL-
1B (Lok et al., 2012). Of interest, our previous studies in spi-
nal cord injury and LPC-induced focal lesions also showed a
reduction in CSPGs production and MMP9 activity in the
spinal cord under Nrg-1B1 treatment (Alizadeh et al., 2017,
Kataria et al., 2018), suggesting a common immunomodula-
tory mechanism for Nrg-11 in CNS inflammation. CSPGs
and MMP9 can be produced by multiple cell types in EAE
and other inflammatory conditions including activated astro-
cytes, microglia and infiltrating monocyte derived macro-
phages (Asher et al., 2000; Properzi et al., 2005; Silver and
Silver, 2014; Dyck and Karimi-Abdolrezaee, 2015;
Hallmann et al., 2015; Stephenson et al., 2018). Moreover,
as shown in our study and previous reports, these cells ex-
press Nrg-1B1 binding receptor ERBB2 and ErRBB4 under
normal and inflammatory conditions (Calvo et al., 2010;
Alizadeh et al., 2017; Chen et al., 2017; Schumacher et al.,
2017; Shahriary et al., 2019). Thus, Nrg-1p1 could poten-
tially attenuates the production of MMP9 or CSPGs directly
by influencing activated astrocytes, microglia and macro-
phages in EAE. However, further studies with cell-specific
targeted approaches are warranted to dissect the role of
Nrg-1B1 in regulating the expression of CSPGs and MMP9
under inflammatory microenvironment.

Interestingly, Nrg-1B1 did not influence microglia
recruitment into EAE lesions, while it fostered a phenotype
shift in CD11b* microglia and macrophages towards
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anti-inflammatory M2-like phenotype with a concomitant
decrease in pro-inflammatory M1-like cells. This is a desir-
able therapeutic outcome in EAE and multiple sclerosis, as
microglia and macrophages are also critical in facilitating re-
mission in multiple sclerosis (Miron et al., 2013).
Heterogeneity of microglia and their diverse activated
phenotype is increasingly recognized in multiple sclerosis
pathophysiology (Plemel et al., 2020). Recent work showed
that microglia even attenuate the toxic effects of macro-
phages in demyelinating lesions (Plemel ez al, 2020).
Depletion of M2-like microglia and macrophages has
impaired remyelination (Olah et al, 2012; Miron et al.,
2013), and our previous in vitro studies also identified that
availability of Nrg-1B1 can restore the suppressed phagocyt-
ic properties of pro-inflammatory microglia (Shahriary et al.,
2019), which is a prerequisite for successful repair and
remyelination. Collectively, our findings support a positive
role for Nrg-1B1 in fostering a reparative phenotype in
microglia. The positive effects of Nrg-1p1 on microglia
phenotype may explain the results of previous studies by our
group and others in rodent models of CNS injury and de-
myelination that showed NRG1 promotes endogenous oli-
godendrogenesis,  preserves axons and  promotes
spontaneous remyelination (Cannella et al., 1998; Gauthier
et al., 2013; Alizadeh et al, 2017; Kataria et al., 2018).
However, further studies are needed to elucidate the specific
effects of Nrg-131 on neurons, axons, and oligodendrocytes
in the context of EAE.

We demonstrate that Nrg-1B1 specifically regulated
IFNYy™* Th1 effector cells in EAE mice without any apparent
role in Th17 response. Interestingly, unlike monocytes, Nrg-
1B1 regulation of Th1 response takes place at the CNS levels
and not peripherally. Based on our in vitro study, Nrg-1p1
influenced Th1 polarization directly and indirectly through
modulation of macrophages. These findings are supported
by our previous study, in which systemic Nrg-1f1 sup-
pressed IFNy* effector T cells in traumatic spinal cord in-
jury in rats (Alizadeh et al., 2018). IFNYy is implicated in the
pathogenesis of multiple sclerosis and EAE (Zamvil and
Steinman, 1990) and its intrathecal administration promotes
early disease onset in EAE (Furlan et al., 2001). The effects
of IFNy on APCs are pleiotropic and encompass upregula-
tion of major histocompatibility complex molecules, induc-
tion of reactive oxygen species, phagocytic activity, and
increased production of pro-inflammatory cytokines. In fact,
EAE is dependent on IFNy induced production of MCP1
(CCL2) and CXCL10 that facilitate monocytes infiltration
into the white matter (Wen et al., 2010). Thus, reduction of
IFNYy™* Th1 effector cell population and downregulation of
MCP1 and CXCL10 chemokines appear to be an underlying
mechanism by which Nrg-1B1 regulated EAE progression
and recovery in our studies.

Nrg-1p1 promoted a regulatory T-cell response in EAE.
Regulatory T cells are known to suppress proliferation and
activation of effector T cells by inhibiting autoreactive T
cells (Dombrowski et al., 2017; Jones and Hawiger, 2017).
Importantly, regulatory T cells mediate recovery from EAE
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by attenuating the cytokine production, proliferation and
motility of effector T cells in the CNS (Koutrolos et al.,
2014). These reports support our findings in this study,
where Nrg-1B1-induced increase in the regulatory T-cell
population was accompanied by reduced Thl cells and
diminished pro-inflammatory cytokine production in the
EAE mice. We previously observed that Nrg-131 promotes
upregulation of regulatory cytokine IL-10 in spinal cord in-
jury and LPC focal demyelination (Alizadeh et al., 2018;
Kataria et al., 2018). However, intriguingly, we did not de-
tect any changes in IL-10 expression in this study indicating
an IL-10 independent immunomodulatory mechanism of
Nrg-1B1 in our EAE model. Interestingly, a missense muta-
tion in the NRG1 gene has been associated with immune
dysregulation in schizophrenia (Marballi et al., 2010).
Individuals carrying the mutation showed significantly ele-
vated levels of IL-1pB, IL-6, IL-10, and TNF-a in plasma
(Marballi et al., 2010), demonstrating a direct association
between dysregulation of NRG1 and immune cell overacti-
vation and cytokine production. Taken together, based on
our new findings in EAE, we propose that endogenous Nrg-
1B1 is important for immune homeostasis and its dysregula-
tion is a disease mechanism that facilitates EAE onset and
progression by promoting monocyte extravasation and
inducing an IFNy Th1 response. To address this hypothesis,
future conditional knockout studies are required to elucidate
whether the absence of Nrg-1B1 would result in immune
dysregulation peripherally and in the CNS.

A major disadvantage of available immunosuppressive
therapies in multiple sclerosis is that they generally impair T-
cell functions that can adversely increase the risk for system-
ic infections and comorbidities (Mills and Mao-Draayer,
2018). Identifying specific immune regulatory mechanisms
of multiple sclerosis pathology would allow development of
targeted treatments. Our work has identified an endogenous
pathway that appears to play a role in immune homeostasis,
and that its disruption is associated with multiple sclerosis
pathogenesis. In addition to its potential as an early disease
marker, Nrg-1B1 represents a desirable specific immune
regulatory therapy, as its restoration can moderate the
imbalanced immune response and disease severity in EAE.
We have identified several potential therapeutic advantages
of Nrg-1B1 treatment for multiple sclerosis. First, this treat-
ment is aimed to restore the dysregulated levels of endogen-
ous Nrg-1B1 and not over-activating a pathway that may
result in adverse effects. Second, Nrg-1f regulates the pheno-
type of innate and adaptive immune cells rather than sup-
pressing the immune response. Third, and intriguingly, Nrg-
1B1 treatment offers an extended therapeutic time window
at least in EAE mice by showing efficacy when administered
at various points during the course of the disease. Lastly, an
important property of Nrg-1B1 peptide is its desirable
pharmacokinetics for CNS therapeutics, as its ability to pass
the blood—CNS barrier is confirmed (Kastin et al., 2004).
Accordingly, Nrg-181 encompasses several characteristics
that makes it a potential therapeutic candidate for further
investigations in multiple sclerosis.
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